Sex chromosomes have evolved independently multiple times in eukaryotes and are 29 therefore considered a prime example of convergent genome evolution. Sex chromosomes 30 are known to emerge after recombination is halted between a homologous pair of 31 chromosomes and this leads to a range of non-adaptive modifications causing the gradual 32 degeneration and gene loss on the sex-limited chromosome. However, because studies on 33 sex chromosomes have primarily focused on old and highly differentiated sex 34 chromosomes, the causes of recombination suppression and the pace at which 35 degeneration subsequently occurs remain unclear. Here, we use long-and short-read single 36 molecule sequencing approaches to assemble and annotate a draft genome of the basket 37 willow, Salix viminalis, a species with a female heterogametic system at the earliest stages 38 of sex chromosome emergence. Our single-molecule approach allowed us to phase the 39 emerging Z and W haplotypes in a female, and we detected very low levels of Z/W 40 divergence, largely the result of the accumulation of single nucleotide polymorphisms in the 41 non-recombining region. Linked-read sequencing of the same female and an additional male 42 (ZZ) revealed the presence of two evolutionary strata supported by both divergence 43 between the Z and W haplotypes and by haplotype phylogenetic trees. Gene order is still 44 largely conserved between the Z and W homologs, although a few genes present on the Z 45 have already been lost from the W. Furthermore, we use multiple lines of evidence to test 46 for inversions, which have long been assumed to halt recombination between the sex 47 chromosomes. Our data suggest that selection against recombination is a more gradual 48 process at the earliest stages of sex chromosome formation than would be expected from 49 an inversion. Our results present a cohesive understanding of the earliest genomic 50 
Introduction
also identified several families of repetitive elements which together represent ~35% of the 151 assembly. The basket willow genome is publicly available for the community through the 152 PopGenIE Integrative Explorer (http://popgenie.org) [56] . 153
Delimitation of the SDR in the female assembly 154
Differences between male and female genomes in read depth or single nucleotide 155 polymorphim (SNP) density can be used to identify different forms of sex chromosome 156 divergence [12, 57] . In nascent sex chromosome systems, this method is particularly useful 157 when combined with genetic mapping studies of gender (in plants) or sex (in animals) [35, 158 49] . These methods are based on the different patterns of divergence and dosage between 159 males and females on the sex chromosomes. In female heterogametic systems, W-specific 160 reads are present only in females, resulting in higher female read coverage for W scaffolds. 161
Conversely, as the W degrades, we expect a greater male read depth for the corresponding 162 region of the Z chromosome, as females retain only one copy of the Z. Additionally, in the 163 earliest stages of recombination suppression, we expect W-regions to retain significant 164 similarity to the Z chromosome, and therefore females may show similar read depth for 165 these regions as males. However, once recombination is halted, the W is expected to 166 accumulate polymorphisms that are not shared with the Z, and so we might expect a 167 greater density of SNPs in females compared to males in these regions even before 168 significant divergence lowers mapping efficiency. 169
In order to assess these two levels of sex chromosome divergence, we mapped male and 170 female short-read DNA-seq data (~69X and ~66X average coverage for females and males 171 respectively) to our female assembly. Because we assembled the genome of a 172 heterogametic Z-W female, and given the relatively high levels of heterozygosity across thegenome (~0.5% or 1 SNP per 200 bp), we expect a limited proportion of divergent regions in 174 the genome, including Z and W haplotypes, to assemble separately in different scaffolds. As 175 this would likely bias our SNP density estimates, where regions with elevated numbers of 176 polymorphisms would appear to be homozygous, we first constructed a non-redundant 177 assembly by removing smaller scaffolds that showed strong evidence of sequence overlap 178 with longer scaffolds. We then aligned our non-redundant scaffolds to the Populus 179 trichocarpa genome [58] , revealing broad synteny as expected between these sister genera 180 (Fig. S1, Fig. 1A ). In total, we anchored ~272 Mb (76.4% of the full assembly) to P. 181 trichocarpa chromosomes. 182
We previously identified chromosome 15 as the sex chromosome [48, 49] and mapped the 183 extent of the SDR on this chromosome (highlighted in pink, Fig. 1 ). Our results show that the 184 five scaffolds within the SDR show significant deviations of both female:male SNP density, 185
indicative of the build-up of female-specific SNPs on the W, and/or female:male read 186 coverage differences, indicating regions of significant divergence between the Z and W 187 chromosomes ( Fig. 1) . It is important to note that because S. viminalis exhibits only a limited 188 divergence between the Z and W, and our long-read assembly was based on a female 189 sample, the assembly of the sex chromosome regions likely represents Z-W chimeras. This 190 chimerism is evident in scaffolds 150 and 163, which both show a region of similar coverage 191 in males and females and a region of strong female-bias that likely represents W-specific 192 genetic material (Fig. 1 ). These scaffolds, in addition to scaffold 225, show the greatest 193 deviations in read depth between males and females, and likely represent a region where 194 recombination was first suppressed between the emerging Z and W chromosomes (Stratum 195 I). Our previous linkage mapping with GBS markers [48, 52] also identified sex-linked 196 markers in scaffold 127 (Fig. S2 ), however this region shows far fewer differences infemale:male read depth while having higher polymorphism in females relative to males. As 198 a result, this likely represents a region where recombination has been suppressed very 199 recently, or remains partially incomplete (Stratum II). 200
The SDR region spans a total of ~3.4 Mb, or ~3.1 Mb when excluding the putatively chimeric 201 regions, and this estimate is somewhat smaller than that of our previous estimation of ~5.3 202
Mb [49] . This difference is likely due to the fact that our previous estimate was based on a 203 male assembly and included non-aligned regions on chromosome 15 of P. trichocarpa. In 204 Salix purpurea, a close relative of S. viminalis, the SDR is also located on chromosome 15, 205 however it is much larger (>10 Mb) [59] . It has been suggested that these sex chromosomes 206 share a common origin [59] , although it remains unclear whether the SDR in these two 207 species is in the same syntenic region. In order to test whether the SDR regions overlapped 208 between the two species, we aligned our S. viminalis genome assembly to the S. purpurea 209 assembly. We found that all scaffolds inferred to be part of the S. viminalis SDR aligned to 210 the SDR region in S. purpurea (Fig. S3) , suggesting a shared origin, albeit with several 211 potential rearrangements between them. 212
Two evolutionary strata on the S. viminalis sex chromosomes 213
It is possible to quantify divergence between the sex chromosomes by comparing dN (a 214 measure of non-synonymous divergence) and dS (a measure of synonymous divergence) 215 between males and females in the sex-linked region. To accurately estimate this divergence, 216
we constructed 10x Genomics Chromium de novo assemblies using one individual of each 217 sex. Fully phased diploid genotypes were obtained for 65.8% and 61.6% of the genome in 218 our female and the male samples respectively. Similar phasing efficiency was also achieved 219 for chromosome 15 (Fig. S4) . Our results show significantly greater dN and dS betweenStratum I and the genomic average in our female sample, but not in our male sample 221 (female dS p=0.00072; female dN: p =0.000077; male dS p =0.65; male dN p =0.25, based on 222
Mann-Whitney U-test relative to the genome, Fig. 2 Phylogenetic analysis of Z-W orthologs in conjunction with outgroup species can reveal the 232 relative timing of recombination suppression [13] . We therefore used our phased male and 233 female haplotypes in the SDR tohether with orthologous genes from two closely related 234
Salix species (S. suchowensis and S. purpurea) and poplar (P. trichocarpa). Our phylogenetic 235 analyses provide further support for two distinct evolutionary strata (Fig. 3, Fig. S5 It is worth noting that we observed considerable overlap in both dS and dN estimates (Fig.2 ) 255 between the two strata and also the incomplete segregation of some female Stratum I Z and 256 W haplotypes (Fig. S5) , suggesting a gradual divergence in the sex chromosomes of S. 257
viminalis. This gradual divergence is not consistent with a major inversion, which would 258 result in a more similar phylogenetic signal for all Z-W orthologs within the inversion as 259 recombination would be suppressed at the same time. Older sex chromosomes also show 260 substantial variation in divergence within perceived strata [10, 13] , however the limited 261 number of loci remaining on the oldest regions of sex-limited chromosome complicates 262 these analyses. In these older systems, strata may also have formed through shifts in sex-263 specific recombination hotspots, resulting in gradual expansions rather than large-scale 264 inversion events.
Furthermore, if inversions are the cause of recombination suppression between the Z and 266 W, we would expect our female assembly to be heterozygous for inversions between the Z 267 and W chromosomes in strata. We note that we observe no evidence of large-scale 268 inversions associated with either Stratum I or Stratum II in our assembly. It is of course 269 possible that inversions formed within the few remaining breakpoints in between our 270 scaffolds, which we would not be able to detect. However, the long-read nature of our 271 assembly, and the resulting large contig size, offer substantial power to detect such 272 inversions, reducing the likelihood of type II error. 273
Together, our evidence suggests that at the earliest stages of sex chromosome formation 274 and expansion, selection against recombination is a gradual process, and may result from 275 changes in sex-specific recombination hotspots. Therefore, theoretical models about local 276 repetitive elements are associated with the earliest stages of recombination suppression. 296
In order to identify W-specific sequence, we mapped female and male re-sequencing reads 297 to our female assembly. We were able to identify an additional subset of 35 scaffolds 298 spanning ~3.3 Mb and with 119 protein coding genes (Table S4) however it remains unclear how quickly this occurs. Additionally, the extended haploid 313 phase in plants may prevent loss of SDR genes expressed in the haploid phase [15, 46] . 314
In order to identify gene content differences between the Z and the W chromosome, we 315 used two of the W-linked scaffolds identified above, scaffolds 148 and 211. These scaffolds 316 align almost entirely to the SDR where read mapping coverage is male-biased (Z-linked), as 317 would be expected for sex-linked homologous regions (Fig. 4A) . In both cases we observed a 318 high degree of synteny in the aligned regions, indicating that both gene content and gene 319 order are still largely conserved between Z and W homologs, even in the most divergent 320 region of the SDR (Fig. 4B, 4C ). This is likely a function of both the recent divergence of this 321 sex chromosome system [49], as well as the preservative effects of haploid selection on 322 genes expressed in plant reproductive tissues. Nevertheless, seven protein coding genes on 323 the corresponding Z-linked scaffolds with known products are missing from the W assembly. 324
Using a translated BLAST search of these proteins to the corresponding Z-linked scaffolds 325 and considering a minimum query coverage of 80%, we inferred that at least two of them 326 (os02g0180000 on scaffold 163 and TIR on scaffold 225) have likely been pseudogeneized 327 on the W. These results suggest that gene loss can occur very quickly, even in nascent sex 328 chromosome systems. 329
We also scanned for genes unique to the S. viminalis W chromosome, or without preserved 330 synteny to the Z homolog, as possible sex determining loci. We recovered several genes, 331 including WOX1, as well as two genes in tandem of the two-component response regulator, 332 ARR5 and ARR17 ( 
Concluding remarks 359
Here, we use multiple types of single-molecule sequencing to assemble the genome of the 360 basket willow S. viminalis, and used this to reveal the earliest stages of sex chromosome 361 evolution. This approach allows us unprecedented power to phase our data, allowing us to 362 resolve Z and W haplotypes at this early stage of divergence. Our results suggest that the 363 SDR is of limited size and divergence, and we recover no evidence that recombination 364 suppression is due to a large-scale inversion. Even at this early stage of divergence, we see 365 evidence of pseudogenization and the accumulation of repetitive elements in the SDR, 366
suggesting that these processes occur very swiftly after recombination ceases. In total, our 367 results shed new light on the fundamental process of sex chromosome formation. PVPP, 50 μg/ml RNAse) was added and the sample was thoroughly mixed before incubation 377 for 30 min at 65 °C. Subsequently, 300 μl Chloroform:isoamylalcohol 24:1 was added, the 378 sample mixed and centrifuged for 10 min at 13,000 rpm, the supernatant was transferred to 379 a new tube, and the process repeated. 1.5 volumes of ice-cold isopropanol was added to the 380 supernatant followed by an incubation over night at −20 °C. After centrifugation for 10 min 381 at 13,000 rpm at 4 °C, the supernatant was removed and the pellet rinsed with chilled 100% 382
EtOH followed by another centrifugation of 5 min at 13,000 rpm at 4 °C. The supernatant 383 was then removed and the DNA was air dried before it was dissolved in 100 μl TE buffer (10 384 
DNA extraction and short-read Illumina sequencing 406
We generated additional Illumina sequencing data for the female accession 78183, the 407 same accession used to assemble the reference genome. DNA was extracted from fresh 408 leaves using the Fast DNA Kit (MP Biomedicals) according to the manufacturer's 409 instructions. Two libraries with 165 and 400 bp insert size respectively were generated with 410 the TruSeq DNA v2 kit (manual #15005180) following the manufacturers protocol and 411 sequenced on one lane each with Illumina HiSeq2000, 100bp paired-end read length and v3 412 chemistry generating ~28 GB of bases (Table S1) . 413 We created a repeat library with an in-house pipeline using RepeatModeler v1.0. 
Reference genome assembly and annotation 414

Identification of allelic scaffolds in single-molecule de-novo assemblies 452
Linked reads for the female and male accessions were assembled with Supernova v2.0.1 453
[87]. Fully phased heterozygous haplotypes, together with non-phased sequence (nominally 454 homozygous), were obtained using the megabubbles-style output and a minimum sequence 455 length of 1 kb. Diploid assemblies were soft-masked with RepeatMasker v4.0.7 [95] with the 456 "RMBlast" v2.6.0+ search engine and using our custom S. viminalis repeat library generated 457 during genome annotation. 458
We used sequence alignments in order to identify homologous haplotypes in our single-459 molecule assemblies. A repeat-masked assembly is first aligned to itself with LAST v926 460
[100] using the sensitive DNA seeding MAM4 [101] and masking of repeats during alignment 461 with the -cR11 option. To avoid false matches caused by repetitive sequences and 462 paralogous scaffolds, orthologous alignments were generated with last-split and alignments 463 mostly comprised of masked sequence were then discarded with last-postmask. Scaffolds 464 were considered to represent allelic variants in the assembly if the overlap exceeded 25% of 465 sequence length after repeat masking, and with sequence identity > 80% to other longer 466
scaffolds. 467
Anchoring scaffolds to Populus trichocarpa 468
Pairwise alignments between P. trichocarpa v10.1 (downloaded from PopGenie v3 [56] ) and 469 our S. viminalis assembly were generated from repeat-masked genomic sequence using 470 LAST v926 [100]. We first prepared an index of the poplar genome using the sensitive DNA 471 seeding MAM4 [101], using the masking repeat option -cR11 during alignment. A suitable 472 substitution and gap frequencies matrix was then determined with last-train, using 473 parameters --revsym --matsym --gapsym -C2. Alignments were made with lastal, using the 474 parameters -m100 -C2 followed by last-split -m1 to find 1-to-many willow-poplar 475 orthologous matches. Finally, alignments that were composed primarily of masked 476 sequence were discarded with last-postmask. One-to-one willow-poplar alignments were 477 made by swapping both sequences and repeating the orthology search as above. 478
Neighboring alignments with <10 kb gap lengths were linked into a single path and the 479 longest tiling path was used to assign scaffolds to poplar chromosomes. Forward or reverse 480 scaffold orientation relative to poplar chromosomes was similarly obtained requiring that 481 the total length of one alignment direction was >70% compared to the other orientation, 482 otherwise the original orientation was kept. If the longest tiling path for a particular scaffold 483 did not agree with its overall alignment path on the poplar chromosome, the scaffold was 484 marked as unlocalized. 485
Preprocessing of Illumina reads 486
Whole-genome DNA sequencing reads were quality assessed with FastQC v0.11.5 [102] and 487 preprocessed with BBTools v37.02 "bbduk" [103] to remove adapter sequences, trim 488 regions with average quality scores below Q10 from both ends of reads and to filter out 489 reads aligning to PhiX-174 genome (a commonly used spike-in control in Illumina 490 sequencing runs). After filtering, read-pairs were excluded from downstream analyses if 491 either read had an average quality score <Q20 or was <50 bases in length. The same criteria 492 of quality assessment and filtering were used for RNA-seq data. 493
Coverage and polymorphism analysis
Alignments to the genome assembly were performed with BWA v0.7.15-r1140 using the 495
MEM [104] algorithm and default options. General processing of SAM/BAM files was 496
performed with SAMtools v1.6 [105] and duplicated reads were flagged with biobambam 497 v2.0.72 [106] after alignment. Per-site coverage was computed with the SAMtools depth 498 command after filtering out reads with mapping quality ≥ Q3 that map to multiple locations, 499 reads with secondary alignments and duplicated reads. We then calculated the effective 500 coverage value per scaffold and in non-overlapping windows of 10 kb, as the mean per site 501 coverage of every site in that class. To account for differences in the overall coverage 502 between individuals, the coverage data were normalized for the median coverage value of 503 each individual in the respective class. 504
Polymorphism analyses were conducted using the same filters as above. Read alignments 505
were then converted to nucleotide profiles with the sam2pro program of mlRho [107] . Only 506 sites with a per-site coverage ³5 and a SNP called for bi-allelic sites with a minor allele 507 frequency ³30% within an individual were analysed. The average SNP density per scaffold, 508 and window, was calculated as the number of SNPs divided by the number of sites that 509 passed the coverage threshold of ³5 for the respective class. 510
In order to avoid infinitely high numbers associated with log2 0 when calculating the log2 511 difference of coverage or SNP density between females and males, we added a small 512 number (0.1) to each value. The 95% confidence intervals for the sliding window 513 distributions were estimated from the mean bootstrap values with resampling of 1,000 514 random sets of 25 windows from autosomes. We excluded the entirety of chromosome 15 515 (the sex chromosome), including the PAR, in the bootstrapping procedure to avoid potential 516 linkage effects resulting from the SDR. 517
To identify potentially W-linked scaffolds in the assembly, we proceeded as above and 518 calculated the log2 F:M coverage differences for each scaffold. All scaffolds where the 519 normalized female coverage was <10% of the normalized whole-genome coverage were 520 excluded. This is a conservative approach because of the difficulty associated with mapping 521 to highly repetitive potential W-linked scaffolds. These scaffolds are therefore likely to 522 remain undetected. Scaffolds were considered W-linked if the log2 F:M coverage difference 523 was >95% the genome average. 524
Quantification of gene expression 525
Preprocessed RNA-seq reads [49, 55] were filtered for rRNA using Bowtie v2. 
Annotation lift-over to 10x Genomics diploid assemblies 534
Our reference genome annotation was transferred independently for each of the inferred 535 haplotypes derived from our 10x Genomics de-novo assemblies of female and male 536 genomes using UCSC Genome Browser's utilities [113] . First, a pairwise alignment between 537 each haplotype and the non-redundant reference genome was generated as described 538 above with LAST v926 [100]. Alignments were then converted into a series of syntenic 539 chains and nets, tuned for more divergent genomes (axtChain -linearGap=loose), using the 540 same scoring matrix generated during the LAST alignments. Finally, annotations were 541 moved to the haplotype assemblies using the liftOver utility with a minimum 75% ratio of 542 mapped bases between features. Only the longest isoform of each gene was considered in 543 the lift-over. With this approach, we transferred ~25,159 genes per diploid haplotype or 544 ~80% of the complete annotation. 545
We further attempted to recover additional genes not lifted initially by aligning each gene 546 individually back to the haplotype assemblies with BLAT v170523 [114], (-minIdentity=30 -547 minScore=12 -stepSize=5 -repMatch=2253 -extendThroughN), keeping the highest scoring 548 alignment for each query. In order to avoid potential problems caused by the BLAT 549 alignment of paralogous sequences, we counted the average number of haplotypes aligned 550 to each reference gene (for a fully phased diploid region we expect 2 haplotypes). These 551 counts were then bootstrapped with 1,000 iterations all alignments for which the haplotype 552 coverage was below the lower bootstrap 95% confidence interval (~1.6X coverage) were 553 excluded. This procedure recovered an average of 364 additional genes per haplotype. 554
Divergence analysis of diploid genotypes 555
We calculated rates of divergence at synonymous (dS) and non-synonymous (dN) sites 556 between the coding sequences of diploid genotypes for each sex separately. Only sequences 557 with a valid start codon, without internal stop codons and with a minimum sequence length 558 of 120 bases were analysed. After this initial filter, pairwise alignments for the two 559 
Phylogenetic analysis 564
We use gene trees to determine the relative age of recombination suppression for the 565 haplotypes in each identified sex chromosome strata. In addition to our non-redundant S. 566 viminalis genome, coding sequences for S. suchowensis v4. 1 Figure 4
